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(57) ABSTRACT

Disclosed herein are processes for recovering performance of
fuel cells by recovering fuel cell catalyst activity and methods
of'testing the durability and activity performance of fuel cells.
One catalyst recovery process disclosed herein for a fuel cell
having a membrane electrode assembly comprises operating
the fuel cell for a first recovery cycle with fuel gas supplied to
an anode of'the fuel cell and an oxidant supplied to a cathode
of the fuel cell while drawing a current from the fuel cell at
steady state throughout the first recovery cycle, the first
recovery cycle having a predetermined time period. The fuel
cell has reached end of life due in part to intermittent use prior
to operating the fuel cell for the first recovery cycle. A life of
the fuel cell improves when the first recovery cycle is com-
plete.
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1
PROCESS TO RECOVER PERFORMANCE OF
FUEL CELL CATALYSTS

BACKGROUND

Platinum and other precious metal-based catalysts have
proven to provide superior performance to proton exchange
membrane fuel cell technology. One of the major hurdles for
mass-commercialization of proton exchange membrane fuel
cell vehicles is their high cost. This is due, in particular, to the
usage of platinum and other precious group metals as the
electrocatalyst. Two potential strategies to reduce the cost are
to either significantly lower the loading of platinum/precious
group metals (PGM) or by using non-precious group metal
(non-PGM) catalysts such as metal-nitrogen-carbon (MNC)
type catalysts. So far, however, performance of non-PGM
based electrocatalysts for the oxygen reduction reaction
(ORR) in polymer electrolyte membrane fuel cells has been
no match against the performance of PGM based catalysts, in
part because they have a relatively low number of active sites
per unit volume.

SUMMARY

Disclosed herein are processes for recovering performance
of fuel cells by recovering fuel cell catalyst activity and meth-
ods of testing the durability and activity performance of fuel
cells. The catalyst recovery process disclosed herein for a fuel
cell having a membrane electrode assembly comprises oper-
ating the fuel cell for a first recovery cycle with fuel gas
supplied to an anode of the fuel cell and an oxidant supplied
to a cathode of the fuel cell while drawing a current from the
fuel cell at steady state throughout the first recovery cycle, the
first recovery cycle having a predetermined time period. The
fuel cell has reached end of life due in part to intermittent use
prior to operating the fuel cell for the first recovery cycle. A
life of the fuel cell improves when the first recovery cycle is
complete.

One such recovery process disclosed herein comprises
detecting a predetermined end of life state of the fuel cell and
performing a first recovery cycle on the fuel cell. The first
recovery cycle comprises supplying fuel gas to an anode of
the fuel cell and an oxidant to a cathode of the fuel cell and
concurrently drawing a current from the fuel cell at steady
state for a predetermined time period. The predetermined
time period is determined based on near or complete recovery
of'the fuel cell to an initial state of the fuel cell, with the initial
state being a state of the fuel cell prior to operating the fuel
cell.

One method of testing durability of catalyst for use in a fuel
cell having a membrane electrode assembly comprises per-
forming start/stop cycling on a fuel cell at beginning of life
until the fuel cell reaches a predetermined end of life state,
supplying fuel gas to an anode of the fuel cell and an oxidant
to a cathode of the fuel cell under steady state conditions for
a predetermined period of time while drawing a current from
the fuel cell, wherein the supplying improves the life of the
fuel cell and testing the fuel cell to determine an amount of
improvement in performance after the predetermined period
of time lapses.

BRIEF DESCRIPTION OF THE DRAWINGS

The various features, advantages and other uses of the
present apparatus will become more apparent by referring to
the following detailed description and drawing in which:
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FIG. 1 is a schematic cross-sectional illustration of a basic
fuel cell stack having multiple fuel cells;

FIG. 2 is an enlarged schematic cross-sectional view of a
membrane electrode assembly from the fuel cell stack of FIG.
1

FIG. 3 is a flow diagram of the recovery process;

FIG. 4 is a schematic of the recovery process;

FIG. 5is afuel cell cyclic voltammetry plot before and after
carbon corrosion and the recovery process;

FIG. 6A is a graph showing BOL iV performance mea-
sured at one bar pressure with and without iR correction data;

FIG. 6B is a graph showing volumetric activity or volu-
metric current density;

FIG. 7A is an SEM image of a metal-nitrogen-carbon
catalyst based GDE showing surface morphology at 200x;

FIG. 7B is an SEM cryofractured cross-sectional view of
the metal-nitrogen-carbon catalyst based GDE at 100x;

FIG. 8A is a graph showing the effect of load cycling only
on iV performance (H,/O, fully humidified at 80° C. and 100
kPa_g);

FIG. 8B is a graph showing the double layer capacitance
(C,) or OCV (H,/O, 0.5 nlpm for both anode and cathode
under atmospheric pressure) values;

FIG. 9A is a graph showing the effect of start-stop cycling
and the recovery processes on 1V performance (H,/O, fully
humidified at 80° C. and 100 kPa_g);

FIG. 9B is a graph depicting C, and OCV values (H,/O,
0.5 nlpm for both anode and cathode under atmospheric pres-
sure);

FIG. 10 is a graph showing the effect of the start-stop
cycling and the recovery process on the cell potential at 1
Alem?;

FIG. 11 is a schematic of a recovery process system;

FIG. 12 is a schematic of another embodiment of a recov-
ery process system;

FIG. 13 is a schematic of another embodiment of a recov-
ery process system; and

FIG. 14 is a flow diagram of a method of operating a
recovery process system.

DETAILED DESCRIPTION

FIG. 1 shows a schematic cross-sectional illustration of a
portion of a fuel cell stack 10. The illustration is provided as
an example of the fuel cell electrodes and is not meant to be
limiting. The fuel cell stack 10 is comprised of multiple
membrane electrode assemblies 20. Fuel 30 such as hydrogen
is fed to the anode side of a membrane electrode assembly 20,
while an oxidant 40 such as oxygen or air is fed to the cathode
side of the membrane electrode assembly 20. Coolant 50 is
supplied between the fuel 30 and oxidant 40, the coolant 50
separated from the fuel 30 and oxidant 40 by separators 60.

Each fuel cell in the fuel cell stack 10 comprises a catalyst.
Conventional PGM catalyst used in fuel cells is particles of an
electrically conductive material, typically in powder form,
which can comprise, for example, carbon as a support struc-
ture supporting a metal which is insoluble or only very
slightly soluble in water with low oxidation sensitivity. Non-
limiting examples of such a metal include titanium, gold,
platinum, palladium, silver and nickel and mixtures thereof.
The carbon support of the catalyst is electrically conductive
and porous, so that sufficient conductivity and gas-permeabil-
ity of the catalytic layer is ensured. Carbon minimizes elec-
tronic resistance of the electrode while the precious metal
serves as the catalyst for the electrochemical reaction.

FIG. 2 is exemplary of one of the plurality of fuel cells 100
in the fuel cell stack 10. The fuel cell 100 can be comprised of
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a single membrane electrode assembly 20. The membrane
electrode assembly 20 has an electrolyte membrane 110 with
a gas diffusion electrode 120 on opposing sides of the mem-
brane 110. Each gas diffusion electrode 120 has a gas diffu-
sion layer 130 on which a catalyst layer 140 is formed. When
fuel 30, such as hydrogen gas, is introduced into the fuel cell
100, the catalyst layer 140 of the gas diffusion electrode 120
splits hydrogen gas molecules into protons and electrons. The
protons pass through the membrane 110 to react with the
oxidant 40, such as air, forming water (H,O). The electrons
(e7), which cannot pass through the membrane 110, must
travel around it, thus creating the source of electrical energy.

To reduce the cost of fuel cells and to decrease environ-
mental impact, much effort is being made to increase the
performance and durability of non-PGM catalysts for use in
fuel cells such as those described with reference to FIGS. 1
and 2, and in particular for fuel cells used in vehicles. With
regard to performance, or activity, metal-nitrogen-carbon
(MNC) type non-PGM catalysts have attracted attention due
to their high ORR performance compared to other non-PGM
catalysts. The MNC type catalysts are typically synthesized
by heating precursors of nitrogen, carbon and metal. The
metal can be, for example, iron and cobalt. It is believed that
the nature of the catalytic active sites and mechanism of ORR
at these sites for these MNC type catalysts strongly depends
on the nitrogen and the metal precursor types, heat treatment
temperature and carbon support morphology. It has also been
demonstrated that increasing the nitrogen/carbon ratio of the
nitrogen precursor increases the accessible active site density
by reducing the carbon deposition in the pores of carbon
support during pyrolysis.

In addition to performance, durability is also a great chal-
lenge for the non-PGM catalysts, including those non-PGM
catalysts performing under proton exchange membrane fuel
cell operating conditions. Load cycling and start-stop cycling
are two critical durability tests to identify the stability of a
catalyst for proton exchange membrane fuel cells.

Load cycling for a PGM cathode catalyst is typically con-
ducted at a relatively low potential range (0.6-0.95V) to simu-
late the normal fuel cell operating voltage range. This load
cycling results in PGM catalyst degradation due to platinum
(or other precious metal group) dissolution and migration.
This PGM catalyst degradation can be mainly ascribed to (i)
precious metal dissolution and redeposition (Oswald reopen-
ing process) and (ii) precious metal agglomeration due to
precious metal nanocrystallite migration and/or loss of sup-
port. Due to the absence of precious metal groups in the
non-PGM catalysts, the effect from the load cycling on the
non-PGM catalyst is minimal.

Generally, a fuel cell catalyst’s in-situ performance and
durability can be evaluated by its iV (current and voltage)
characteristics under various operating conditions and poten-
tial cycling tests under accelerated operating conditions. One
of'the important catalyst durability tests is the start-stop (car-
bon corrosion) test. It evaluates the stability of carbon support
for a fuel cell catalyst during potential cycling. This acceler-
ated durability protocol simulates the repeated start-up and
shut down of a fuel cell stack in actual operation without the
application of any operational controls that may mitigate the
losses. This durability protocol can be applied to both PGM
and non-PGM fuel cell catalyst having carbon support.

Non-PGM catalyst, however, is more severely deteriorated
than PGM catalyst by the start-stop cycling of the fuel cell in
which it operates. This is because the majority of the non-
PGM catalyst is carbon. This start/stop cycling is particularly
prominent when the fuel cell is used to power a vehicle.
However, the start/stop cycling can occur in any appliance or
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device powered by a fuel cell where starting and stopping of
the device occurs frequently throughout the life of the fuel
cell.

Start/stop cycling can be simulated by simulating in rapid
succession load variations including load cessation and
bringing load from cessation to an operating load with such
frequency to simulate the operating, starting and stopping
over a lifetime of use of the fuel cell, such as would be
experienced by a fuel cell used in a vehicle, also described as
intermittent use. During the start-stop cycling, degradation of
the catalyst occurs due to corrosion of the carbon in the
catalyst. Surface oxides form on the surface of the carbon,
forming a passive layer on the catalyst surface. This surface
oxide decreases the performance of the catalyst and therefore
the fuel cell. Complete oxidation of carbon is also possible
which results in permanent loss of carbon from the non-PGM
catalyst.

To compromise for the lower activity per volume of non-
PGM catalyst, non-PGM catalyst layers should be around 10
times thicker (~100 um) than PGM catalyst layers (~10 pm).
Therefore, an attempt was made to electrochemically remove
the surface oxides formed during the start-stop cycling dura-
bility testing to regenerate the catalyst surface with an expec-
tation of partial or full recovery of performance of the non-
PGM catalyst.

The recovery process disclosed herein regenerates a cata-
lystused in fuel cells after the performance has been degraded
due to load and/or start-stop cycling. The recovery process
can be performed on either PGM or non-PGM catalysts. The
disclosure concentrates on non-PGM catalysts due to the
increased thickness and therefore a larger amount of carbon.

A fuel cell prior to any use has beginning of life (BOL)
characteristics. As used herein, “BOL” means the perfor-
mance potential of the fuel cell prior to any use. BOL can be
measured using one or more characteristics such as voltage
and current. BOL can be measured using other characteristics
depending on the application of the fuel cell. For example,
BOL for a fuel cell that powers a motor vehicle may be
measured by length of time of operation or distance traveled,
such as 0 hours operated or 0 miles traveled. The recovery
process regenerates performance in, for example, the non-
PGM MNC type catalyst used in fuel cell membrane elec-
trode assemblies after carbon corrosion cycling, when the
fuel cell is at end of life (EOL) or has EOL characteristics. As
used herein, “EOL” means the point at which the fuel cell is
not producing sufficient power to fully operate the device in
which it is located. EOL can be measured using one or more
characteristics such as voltage and current, or iV (current-
voltage measuring system). EOL can be measured using other
characteristics depending on the application of the fuel cell.
For example, EOL of a fuel cell that powers a motor vehicle
may be measured by length of time of operation or distance
traveled. The recovery process regenerates the catalyst, bring-
ing the fuel cell from EOL to at or near its BOL performance
characteristics after one completion of the recovery process.
The catalyst can be regenerated fully to its BOL performance
typically after a first recovery process cycle. It is also possible
to regenerate catalyst so that a fuel cell’s performance poten-
tial is greater than its initial BOL if the recovery process is
performed in conjunction with preconditioning of the fuel
cell. Fuel cells undergo a preconditioning process prior to
installation for use. Performing the preconditioning process
after the recovery process can further increase the fuel cell’s
BOL performance characteristics.

Referring to FIG. 3, the fuel cell is at an initial state equal
to BOL priorto any use (S1). During operation of the fuel cell,
the catalyst is degraded (S2) until it reaches a predetermined
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EOL state (S3). After the fuel cell catalyst has been degraded,
the recovery process (S4) is performed on the fuel cell by
operating the fuel cell at steady state, supplying hydrogen to
the anode and the oxidant to the cathode, while a steady
current is being drawn from the fuel cell over a predetermined
amount of time. The current drawn can be between about 0.3
A/em? to about 0.5 A/em?. Higher current than 0.5 A/cm? can
be drawn from the fuel cell if applicable. The hydrogen and
oxidant flow rates can be those used in operation of the fuel
cell. For example, the hydrogen flow rate can be about 0.5
nlpm. The hydrogen flow rate can be lower than 0.5 nlpm and
the oxidant flow rate can be increased while achieving similar
recovery iniV performance. It should be noted that the proper
flow rates can vary depending on the geometry of the flow
field of the fuel cell.

When referring to regeneration or recovery, it is understood
that the catalyst undergoes the electrochemical change while
the fuel cell, including the membrane electrode assembly and
gas diffusion electrode, or the membrane electrode assembly
or gas diffusion electrode alone, recovers performance due to
the electrochemical change that the catalyst undergoes during
the recovery process.

The pre determined amount of time is based on testing and
is the time required to regenerate a predetermined EOL state
to at or near the initial state. The initial state before the first
recovery is performed is the BOL of the fuel cell prior to use.
The initial state for subsequent recovery processes is the state
to which the fuel cell is recovered after the previous recovery
process. The predetermined amount of time is approximately
between 15 to 20 hours. The recovery process can be longer or
shorter than the 15 to 20 hour range depending on the type of
carbon support and catalyst. As a non-limiting example,
graphitized carbon support may require an adjustment in
predetermined time. The recovery of PGM catalysts may also
require an adjustment in the predetermined time to achieve
the desired results. The length of time elapsed between EOL
of'the fuel cell and the start of the recovery process may affect
the predetermined amount of time necessary for the recovery
process to achieve the desired results.

The process can be done at ambient pressure. However, the
pressure can be higher than ambient pressure, such as 100
kPA_g, thereby reducing the predetermined amount of time
necessary to achieve the desired results. For example, per-
forming the process at ambient pressure requires between 15
and 20 hours. Performing the process at a pressure of about 1
to 5 bars can reduce the period necessary to achieve recovery
to less than 15 to 20 hours. It should be noted that the pressure
will also vary depending on the geometry of the flow field of
the fuel cell, which will also affect the necessary time
required for recovery.

The oxidant can be oxygen or air, with the use of air
resulting in a longer predetermined amount of time necessary
to achieve the desired results. Air can be used during the
recovery process if the membrane electrode assembly under-
going recovery does not have mass transport limitations and
at least 0.3 A/cm? current can be drawn from the fuel cell.

This recovery operation causes reactions with the surface
oxides on the carbon, allowing the surface oxides to be
removed from the surface of the catalyst (S4A) resulting in a
fully recovered state (S5A). Carbon dioxide can also be
exhausted (S4B), resulting in a fully recovered state with
carbon loss (S5B). As mentioned, the resulting condition of
the fuel cell can be equal to or near the initial condition of the
fuel cell before undergoing the recovery process.

The results of the recovery process may be explained by the
electrochemical oxidation processes. During the carbon cor-
rosion durability test, the cell potential is cycled in protocol
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for the certain number of cycles, for example, 1000 cycles to
simulate long term intermittent operation of the device. Dur-
ing this high potential cycling, the carbon surface electro-
chemically oxidizes to form surface oxides (oxygen contain-
ing groups such as carboxyl, carbonyl, phenol, carbonyl etc.)
and gaseous carbon dioxide by partial (or incomplete) and
complete oxidation pathways, respectively. Generally, at the
beginning, incomplete oxidation (formation of surface
groups) is dominant over complete oxidation (formation of
carbon dioxide, which results in the complete loss of carbon
support.) Oxides are generally surface bound so they form a
layer on the carbon surface. These surface oxides make the
carbon support more hydrophilic so that the catalyst retains
more water during fuel cell operation and introduces signifi-
cant mass transport losses. The passive oxide layer on the
catalyst surface also negatively affects the activity of the
non-PGM catalyst. The fuel cell iV performance drops sig-
nificantly due to the formation of these surface oxides as
shown in FIG. 9A.

During this recovery process, the created surface oxides on
the catalyst surface are removed. The mechanism for surface
oxide removal is one or a combination of the complete oxi-
dization of the surface oxide to carbon dioxide and the reduc-
tion of the oxide back to the original catalyst structure. In this
process, the electrocatalyst loses some of the carbon support;
however, even with some carbon loss, the non-PGM catalyst
maintains enough carbon to provide adequate electrochemi-
cal activity and electronic conductivity. A schematic of this
process is shown in FIG. 4. The non-PGM catalyst 200 is
shown at BOL prior to any use. The non-PGM catalyst 210 is
shown with surface oxides 212 after the fuel cell has been in
use. The non-PGM catalyst 220A and B represents non-PGM
catalyst 210 after it has undergone the recovery process. As
shown, the surface oxides 212 are removed from the carbon in
the catalyst 220A. Some of the carbon of the non-PGM cata-
lyst 210 may form carbon dioxide (CO,) and be exhausted
from the fuel cell during the recovery process, thus reducing
the amount of carbon remaining in the non-PGM catalyst
220B.

Cyclic voltammetry (CV) was performed during the car-
bon corrosion durability test and before and after the recovery
process to verify the formation and removal of surface oxide
as shown in FIG. 5. Formation of surface oxides due to the
potential cycling during the carbon corrosion test resulted in
increased carbon current and peak appearance at/around 0.6V
as shownin FIG. 5. CV was also measured after each recovery
cycle. Reduced carbon current and peak shrinkage at/around
0.6V after each recovery step confirm the removal of surface
oxides.

After a certain number of cycles in which the recovery
process is performed, depending on the type of carbon sup-
port, eventually the electrocatalyst will lose enough carbon
that it can not support the required electronic conductivity for
fuel cell operation. At this point, the recovery process may no
longer recover the iV performance of fuel cell catalyst.

The recovery process disclosed herein when used on non-
PGM fuel cell electrocatalyst regenerates catalyst when the
fuel cell is at its EOL back to its BOL characteristics, poten-
tially doubling the fuel cell’s life. After the recovery process,
the recovery in performance is not only observed in the mass
transport region but in the kinetic region as well. Subsequent
recovery process cycles can be performed on the fuel cell each
time the fuel cell reaches the predetermined EOL state. As
additional recovery process cycles are performed, the percent
recovery of BOL characteristics decreases. The limiting fac-
tor of number of recovery process cycles is the amount of
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carbon loss, as at a certain amount of carbon loss, the catalyst
cannot maintain sufficient electronic conductivity during fuel
cell operation.

The recovery process can be done on fuel cells with non-
PGM catalyst as a “pre-treatment” prior to first use in opera-
tion. It has been seen that the recovery process can actually
improve on the BOL characteristics of the fuel cell, thereby
enhancing the life cycle of the fuel cell even before itis in use.
The recovery process can also be used to partially recover
BOL characteristics of fuel cells using PGM catalyst, and in
particular, platinum and platinum-alloy catalysts with various
types of carbon supports. It is contemplated that the recovery
process may be used to remove contamination such as hydro-
gen sulfide poisoning.

The recovery process is useful in the testing environment as
well. The recovery process can be used, for example, to
evaluate the durability of the various carbon supports that can
beused in both PGM and non-PGM catalysts as further poten-
tial cycling can be performed after the recovery process has
been done.

To illustrate in detail the recovery process, the following
example is provided. A metal-nitrogen-carbon type non-
PGM catalyst was produced using a melamine precursor and
a high surface area carbon with optimized surface nitrogen
content. Ketjenblack 600JD was dispersed in a 95% ethanol
solution, to which iron (II) acetate corresponding to 0.75 wt %
Fe was added. This slurry was stirred for six hours followed
by solvent evaporation to get a dry powder. Powder samples
were then ground with pyridinic nitrogen rich precursor
melamine (N/C=2.0) to achieve nominal 6.3 wt % N loading.
After the post synthesized treatment, the catalyst powder was
used to prepare a catalyst ink by mixing with water, ethanol
and 20 wt % Nafion solution.

Gas diffusion electrodes (GDEs) with 0.56 mg,__/cm?* (4
mg,,,/cm?) loadings were prepared by spraying the catalyst
ink onto a SGL SIGRACET® 25 BCH gas diffusion layer
(GDL). Due to the thick catalyst layer, GDEs were pre-
pressed at room temperature to avoid any shorting during the
hot-pressing due to having a thick and rough catalyst layer
surface. Membrane electrode assemblies (MEAs) were pre-
pared by hot-pressing a traditional 0.4 mg,, /cm? loading Pt/C
GDE as the anode, a catalyst coated GDE as the cathode and
DuPont™ Nafion® NRE211CS as the membrane. Prepared
MEAs were evaluated in a 25 cm® single cell with serpentine
flow fields. Initial conditioning was performed under fully
humidified H,/Air, 0.5 A/cm?, 80° C. and ambient pressure
for 16 hours. After initial conditioning and BOL iV perfor-
mance measurements, the MEA was subjected to a load
cycling durability test for 10,000 cycles (protocol: 0.6-0.95
V) and a start-stop (carbon corrosion) durability test for 1,000
cycles (protocol: 1 V-1.5 V). Open circuit potential (OCV)
and cyclic voltammograms (CVs) were measured periodi-
cally during the cycling. EOL iV performance was measured
at the end of these durability cycling tests. The accelerated
durability protocol used simulates start-up and shut-down of
a fuel cell stack as used in a motor vehicle without the appli-
cation of any operational controls that may mitigate losses.
During start up, if the fuel cell stack has been shut down long,
the anode and the cathode are filled with ambient air and
pinned to air-air potential. Turning on the hydrogen flow
causes a hydrogen-air front to move through the anode cham-
ber causing the highest potential of 1.5 V. Thus, in the absence
of any mitigating procedure, the cell potential cycles from
about 1 V to 1.5 V. During this excursion, the carbon in the
cathode corrodes and results in degradation of the catalyst
layer.
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The recovery process was carried out after the initial 1,000
start-stop durability protocol cycles. During this recovery
process, 0.3 to 0.5 A/cm? current was drawn from the fuel cell
for 16 hours in two steps while supplying fully humidified
hydrogen and oxygen at 80° C. under ambient pressure. The
reason for using oxygen instead of air for recovery condition-
ing is that fuel cell could not be operated at high enough
steady state current density (~0.5 A/cm?) using air due to the
catalyst degradation during start-stop cycling. OCV, iV per-
formance and CVs were measured after each recovery step.
Based on the results for this recovery process, an additional
600 start-stop cycles were carried out in two steps of 300
cycles and similar recovery steps were carried out at the end
of these additional potential cycling steps. OCV, iV perfor-
mance and CVs were measured after these additional poten-
tial cycling steps and after the recovery steps to monitor any
recovery in iV performance.

With regard to the BOL evaluation of the MEA, FIG. 6A
shows BOL iV performance measured at one bar pressure
with and without iR correction data. iR correction for non-
PGM cathode catalyst MEA becomes important due to very
high amount of ionomer in the catalyst layer and the catalyst
layer thickness which result in higher high frequency resis-
tance values. High OCV of ~0.97 V was observed for this
catalyst under fully humidified H,/O, 0.42/0.84 nlpm at 1
bar_g. Current densities around 750 mA/cm? at 0.6 V5 ree!
RHE were obtained in comparison with 50-700 mA/cm?
reported for similar MNC catalysts. Due to the high resis-
tance, iR corrected data shows a significant improvement in
iV performance. Volumetric activity or volumetric current
density is shown in FIG. 6B and is calculated at 0.8 V5 ;..
voltage without any extrapolation of data in kinetic region and
assuming an effective carbon density of 0.4 g/cm?. Volumet-
ric current density of 31 A/cm® was obtained for this
melamine based catalyst MEA with a back-pressure of 1 bar.

FIG. 7A is an SEM image of a metal-nitrogen-carbon
catalyst based GDE of its surface morphology at 200x. FIG.
7B shows an SEM cryofractured cross-sectional view of the
metal-nitrogen-carbon catalyst based GDE at 100x. The cata-
lyst layer thickness of ~139 um was observed compared to a
typical thickness of ~10 um for a platinum based catalyst
layer. A thick catalyst layer is a result of the higher catalyst
loading requirements for these non-PGM catalysts and higher
ionomer contents.

FIG. 8A shows the effect of load cycling only on iV per-
formance (H,/O, fully humidified at 80° C. and 100 kPa_g).
No significant change in iV performance was observed after
standard load cycling (BoL vs. EoL) for 10,000 cycles. This
shows very positive durability results for non-PGM catalysts
under this accelerated standard load test. This high durability
can also been demonstrated with no observable change in a
double layer capacitance (C ;) or OCV (H,/O, 0.5 nlpm for
both anode and cathode under atmospheric pressure) values
as shown in FIG. 8B.

FIG. 9A shows the effect of start-stop cycling and the
recovery processes on 1V performance (H,/O, fully humidi-
fied at 80° C. and 100 kPa_g). A significant drop in iV per-
formance was observed after standard start-stop cycling (BoL
vs. Eol) for 1,000 cycles due to the formation of surface
oxides (oxygen containing groups such as carboxyl, carbo-
nyl, phenol, carbonyl etc.) and carbon loss. These surface
oxides typically make the carbon support more hydrophilic
thereby retaining more water in the catalyst layer during fuel
cell operation which introduces significant mass transport
losses. A passive oxide layer on catalyst surface is also
believed to negatively affect the activity of the non-PGM
catalyst. Surface oxide formations due to the potential cycling
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also resulted in an increased C_, and decreased OCV values
(H,/O, 0.5 nlpm for both anode and cathode under atmo-
spheric pressure) as shown in FIG. 9B.

However, an increase or “recovery” in the performance
was observed after both recovery steps (After 1% Recovery &
After 2" Recovery) as shown in FIGS. 9A and 9B. After the
first recovery cycle, significant improvement in iV perfor-
mance was observed and after the second recovery cycle, iV
performance was very close to BOL performance as can be
seen in FIG. 9A. During this recovery process, the created
surface oxides on the catalyst surface are removed. The
mechanism for surface oxide removal is some combination of
the complete oxidization of the surface oxide to carbon diox-
ide and the reduction back to the original catalyst structure or
a modified version of the structure. This recovery in perfor-
mance can also be observed with an increase of OCV after the
recovery steps and a lowering of C,, as shown in FIG. 9B.
Increase in C,; with start-stop cycling can be attributed to
formation of the surface oxides, and drop in C, values after
recovery steps indicates the removal of these surface oxides.

During this recovery process, the catalyst may lose some of
the carbon support; however even with some carbon loss, this
non-PGM catalyst maintains enough carbon to provide
adequate electrochemical activity and electronic conductiv-
ity. It should be pointed out that the role of the carbon support
for non-PGM catalysts is not only for the support/electronic
conduction but also as the key player in the electrochemical
reaction pathway. Therefore, if enough durability cycles are
performed, recovery will no longer be possible.

After performing standard start-stop cycling protocol (up
to 1,000 potential cycling), an additional 600 cycles were
performed in 300 cycle increments to verify the further recov-
ery of the tested MEA. FIG. 10 shows the effect of the start-
stop cycling and the recovery process on the cell potential at
1 A/em?. As shown in FIG. 10, after completion of accumu-
lated 1,300 cycles, the iV performance of MEA dropped
significantly and could not sustain 1 A/cm?®. However, as
previously seen, MEA performance was able to recover
nearly completely after a recovery process performed for
sixteen hours.

An additional 300 start-stop cycles were performed and iV
performance was measured after the total 1600 cycles. As
expected, a significant drop in iV performance was observed.
Again the recovery process was carried out to verify any
recovery in iV performance. However, after 1600 start-stop
cycles, the MEA may have reached the “not recoverable
point” and significant recovery was not observed. This is the
point where there might not be enough active carbon left in
order to be an effective ORR catalyst.

The catalyst recovery processes disclosed herein can be
performed on a fuel cell stack in a vehicle without removing
or disassembling the fuel cell stack. A vehicle built to be
powered by a fuel cell will have the necessary equipment to
run the recovery process on an as needed basis. Thus, upon
detection of a degraded state or end of life, the vehicle can
undergo the recovery process to recover the performance of
the fuel cell to at or near beginning of life performance. The
system for catalyst recovery of a fuel cell can be installed at a
vehicle owner’s residence. Alternatively, the owner could
approach a dealer or mechanic after being informed of the
degraded state or end of life, to have the recovery process
performed at the dealer or mechanic’s facility, much like one
would currently do for an oil change of an internal combus-
tion engine vehicle.

Referring to FIGS. 11-13, in one system for recovering
catalyst performance of a fuel cell stack 310 comprising one
ormore fuel cells in a vehicle 300 disclosed herein, the system
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comprises a sensor 312 for detecting EOL of the fuel cell. A
notification device 314 notifies a user when the sensor detects
EOL of the fuel cell. Means for drawing a steady-state load
316 from the fuel cell stack 310 is used to operate the fuel cell
stack 310 until the catalyst performance is recovered.

Also disclosed herein are methods of recovering catalyst
performance of a fuel cell in a vehicle. Referring to FIG. 14,
one such method comprises detecting a performance param-
eter of a fuel cell S10, notifying a user of the vehicle when the
performance parameter is at or near end of life of the fuel cell
S20 and drawing a steady-state load from the fuel cell until
the catalyst performance is recovered S30.

The sensor 312 can be located anywhere in the vehicle 300
where it can detect the necessary parameters that will indicate
EOL. As defined herein, EOL can be measured with many
different parameters, including current, voltage, hours of
operation, amount of miles driven, and the like. The sensor
312 can be of any type known to those skilled in the art that is
configured to detect the EOL parameters.

The sensor 312 can operate to continuously monitor the
EOL parameter while the vehicle 300 is in operation. A con-
troller 318 can be included in the vehicle 300 and can collect
the data detected by the sensor 312. Alternatively, an existing
controller or computer in the vehicle can collect the sensor
data. The controller 318 can be programmed with one or more
predetermined EOL parameter values such that when the
sensor 312 detects that the EOL parameter has reached the
predetermined value, a notification device 314 notifies the
user that the fuel cell stack 310 has reached EOL. As a
non-limiting example, if the EOL is defined by a predeter-
mined number of hours of operation, the controller 318 is
programmed such that when the sensor 312 detects the pre-
determined number of hours of operation, the notification
device 314 notifies a user of the vehicle 300 that the fuel cell
stack 310 has reached EOL and the recovery process should
be performed.

The notification device 314 can be located in the vehicle
passenger compartment, for example, on the dash board or
instrument panel. The notification device 314 may also be on
akey fob. The notification device 314 can be a visual indicator
such as a light that turns on when EOL is reached or a light
that changes color when EOL is reached. The visual indicator
314 can be instructions to run the recovery system. The noti-
fication device 314 may also or alternatively be an audio
indicator. As a non-limiting example, an alarm such as a beep
can sound when EOL if reached and can resound whenever
the vehicle is started after EOL is reached. It is also contem-
plated that the notification device 314 can send a visual noti-
fication to an email address or send a text to the user providing
instructions to run the recovery system.

The recovery process requires that the fuel cell stack 310 be
placed under a steady-state load 316 for a period of time. The
recovery system can be provided at a user’s residence or can
be accessible to a user at a dealer or mechanic’s shop for
example. The fuel cell stack 310 does not need to be removed
from the vehicle 300. The fuel cell recovery process is done in
situ and does not require a high level of mechanical skill. The
means for drawing the steady-state load 316 that may be
provided at a user’s residence can include one or more inter-
nal load drawing accessories of the vehicle 300 as indicated in
FIG. 11. Internal load drawing accessories include, for
example, vehicle lights, the HVAC system, and other on-
board vehicle components. In this way, the recovery process
is internal to the vehicle 300 as the process utilizes the fuel gas
that is provided in the vehicle’s fuel gas tank 320.

The means for drawing the steady-state load 316 can
include hooking the fuel cell stack 310 up to a residential
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power grid, such as envisioned for electric vehicles. The fuel
cell stack 310 will operate at steady-state using the on-board
fuel gas in the fuel gas tank 320 and the power generated
would be supplied to the power grid as opposed to operating
the vehicle. Another means for drawing the steady-state load
316 can be an external load generator 322 as shown in FIG.
13, or a load box, that can be attached to the fuel cell stack
310. A load box 322 may be purchased and installed at a
residence or may be used by a technician at a dealer or
mechanic’s shop. Another example of means for drawing the
steady-state load 316 is a dynamometer 324, as shown in FIG.
12, a device typically found at dealers and mechanics. The
vehicle 300 would be set up on the dynamometer 324 to
operate at a steady pace for the required period of time. As
mentioned herein, a steady-state load of about 0.3 to 0.5
A/em? is recommended. The examples are not meant to be
limiting. Other load generators known to those skilled in the
art can be used.

It is contemplated that the vehicle’s fuel gas tank 320 is
sufficiently sized to provide the fuel gas required during the
recovery process. However, an external fuel tank 330 can be
provided to increase capacity or to be used in place of the
on-board fuel tank 320. For example, if a vehicle 300 is taken
into the dealer or a shop to have the recovery process com-
pleted with the dealer’s or shop’s system, it would eliminate
the need to use the vehicle owner’s fuel gas and enable accu-
rate measuring of fuel gas usage during the process for quality
and cost purposes. The external fuel gas supply 330 can be
coupled to the on-board fuel tank 320 to continually supply
the fuel cell via the on-board tank 320, as shown by line 332,
or fuel gas can be supplied directly to the fuel cell stack 310
directly from the external fuel gas supply 330 through a
bypass valve 334 that can be added to the existing power
generation system of the vehicle 300, as shown with line 336.

The means for drawing a steady-state load 316 can be
operated for a predetermined period of time. A timer can be
used to alert the user or technician that the predetermined time
period has elapsed. Alternatively, the timer can be configured
to automatically stop the means for drawing a steady-state
load 316 and end the recovery process when the predeter-
mined time period has elapsed.

The sensor 312 that detects one or more EOL parameters
can also be configured to detect a recovery state of the fuel cell
stack 310 while the recovery process is undergoing. Alterna-
tively, a second sensor can be incorporated into the system to
detect the recovery state of the fuel cell stack 310. In either
case, the sensor 312 can be configured to stop the means for
drawing the steady-state load 316 when the recovery state is
detected and/or indicate to the user or technician that the
recovery state has been reached. The recovery state can be
defined by a predetermined amount of time of operation of the
means for drawing the steady-state load, an output voltage of
the fuel cell and/or a current of the fuel cell. The recovery state
is defined as at or near BOL of the fuel cells as described
above.

One or more parameters of the fuel cell stack 310 can be
monitored during the recovery process to determine the
recovery state, and those parameters can be saved by the
controller 318. It is contemplated that the data can be down-
loaded for use by the owner of the vehicle or the technician to
track the progress of the recovery process to ensure the qual-
ity of the recovery.

The exhaust from the fuel cell stack 310 can be monitored
during the recovery process to test for other contaminants or
to determine how much carbon is being removed during the
process. As anon-limiting example, a carbon dioxide detector
can be placed on the exhaust of the fuel cell to monitor carbon
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dioxide exhausted from the fuel cell stack 310 during the
recovery process. From the carbon dioxide data, the amount
of carbon removed from the catalyst can be calculated. This
carbon information can assist in determining the number of
recovery cycles that can be performed on the fuel cell stack
310 until the catalyst is unable to be recovered properly. As
another non-limiting example, a hydrogen sulfide monitor
can be used to monitor the amount of contamination of the
fuel cell catalyst and the amount of removal of the contami-
nation. As an additional non-limiting example, an oxide
monitor can be used to monitor the amount of oxides (oxygen
containing groups of carboxyl, carbonyl, phenol, carbonyl,
etc.) being exhausted.

While the invention has been described in connection with
what is presently considered to be the most practical and
preferred embodiment, it is to be understood that the inven-
tion is not to be limited to the disclosed embodiments but, on
the contrary, is intended to cover various modifications and
equivalent arrangements included within the spirit and scope
of the appended claims, which scope is to be accorded the
broadest interpretation so as to encompass all such modifica-
tions and equivalent structures as is permitted under the law.

What is claimed is:

1. A catalyst recovery process for a fuel cell having a
membrane electrode assembly comprising:

detecting a predetermined end of life state of the fuel cell

during normal operation of the fuel cell, the normal
operation being while the fuel cell is providing a variable
load to a device in response to varying power needs of
the device as operated; and

inresponse to detecting the predetermined end of life state,

operating a recovery device to perform a first recovery
cycle on the fuel cell by:
switching from the variable load to a steady state load,
the steady state load achieved by:
supplying fuel gas to an anode of the fuel cell at a
steady state and an oxidant to a cathode of the fuel
cell at a steady state; and
concurrently drawing a steady current from the fuel
cell;
detecting a completion of the first recovery cycle,
wherein the first recovery cycle is determined to be
complete when the fuel cell is detected to reach a first
predetermined recovered performance level.

2. The catalyst recovery process of claim 1, wherein the
first predetermined recovered performance level is a perfor-
mance level of the fuel cell at or near beginning of life.

3. The catalyst recovery process of claim 1, wherein the
catalyst is a precious metal group catalyst.

4. The catalyst recovery process of claim 1, wherein the
steady current drawn during the first recovery cycle is
between about 0.3 to 0.5 A/cm?.

5. The catalyst recovery process of claim 1, wherein sup-
plying the fuel gas and oxidant comprises supplying fully
humidified fuel gas and an oxidant at between about 70° C.
and 90° C.

6. The catalyst recovery process of claim 1, wherein the
oxidant is oxygen and the fuel gas is hydrogen.

7. The catalyst recovery process of claim 1, wherein the
oxidant is air and the fuel gas is hydrogen.

8. The catalyst recovery process of claim 1, wherein the
first predetermined recovered performance level is defined by
one or both of an output voltage approximate a beginning of
life output voltage of the fuel cell and a current draw approxi-
mate a beginning of life current draw of the fuel cell.

9. The catalyst recovery process of claim 1 further com-
prising:
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operating the fuel cell subsequent to the first recovery cycle
in the normal operation, providing the variable load to
the device in response to the varying power needs of the
device;

detecting for a second time a predetermined end of life state

of' the fuel cell during normal operation of the fuel cell;
and

operating the recovery device to perform a second recovery

cycle on the fuel cell comprising:
switching from the variable load to the steady state load;
supplying the fuel gas to the anode of the fuel cell at a
steady state and the oxidant to the cathode of the
fuel cell at a steady state; and
concurrently drawing the steady current from the fuel
cell; and
detecting the completion of the second recovery cycle,
wherein the second recovery cycle is determined to be
complete when the fuel cell is detected to reach a
second predetermined recovered performance level.

10. The catalyst recovery process of claim 1, wherein the
first recovery cycle removes surface oxides from carbon in the
catalyst.

11. The catalyst recovery process of claim 10, wherein the
surface oxides are removed by oxidation of the surface oxide
to carbon dioxide.

12. The catalyst recovery process of claim 10, wherein the
surface oxides are removed by reducing the surface oxides to
reproduce an original catalyst structure.

20

25

14

13. The catalyst recovery process of claim 1, wherein the
fuel cell is one of a plurality of fuel cells in a fuel cell stack.

14. The catalyst recovery process of claim 13, wherein the
fuel cell stack is located in a vehicle.

15. The catalyst recovery process of claim 1, wherein the
non-precious metal group catalyst is a metal-nitrogen-carbon
type catalyst.

16. The catalyst recovery process of claim 1, wherein a
number of recovery cycles that the fuel cell undergoes is
limited by loss of carbon from the catalyst.

17. The catalyst recovery process of claim 1, wherein the
fuel cell is detected to reach the predetermined recovered
performance level when a predetermined time period has
elapsed.

18. The catalyst recovery process of claim 9, wherein the
second predetermined recovered performance level is inferior
to the first predetermined recovered performance level.

19. The catalyst recovery process of claim 17, wherein the
catalyst is a non-precious metal group catalyst and the pre-
determined time period of the first recovery cycle is about
fifteen to about twenty hours.

20. The catalyst recovery process of claim 17, wherein the
predetermined time period of the first recovery cycle is
reduced as a recovery pressure is increased, the recovery
pressure being a pressure under which the first recovery cycle
is performed.



